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ABSTRACT
Experimental and numerical studies were carried out to investigate the convection heat
transfer enhancement of air channel flow using a piezoelectric fan, operated at 90.3 Hz. Its peakto-peak displacement was increased up to 11.8 mm. The average velocity of channel flow was
ranged up to 3 m/s, covering both laminar and turbulent flow regimes. The effects of fan location
on the heat transfer performance were evaluated by changing the relative position of the fan tip
to the heated surface. A maximum heat transfer enhancement of 102 % was obtained at the
channel flow rate of 15 LPM. The fan was placed at the front-end location of the heated surface
and operated with a displacement of 11.8 mm. For a fixed channel flow condition, the
piezoelectric fan was found to improve the heat transfer performance only when operated with
displacements larger than the critical value. The overall heat transfer performance of the heated
surface in the channel was found to be dependent on the channel volume flow rate and the
amplitude and frequency of the piezoelectric fan. The numerical study was performed using
ANSYS Fluent to investigate complex flow fields created by the piezoelectric fan and their
impact on the thermal responses of the heated surface in the channel. The Q-criterion analysis
was used to identify vortical structures generated from the piezoelectric fan and understand their
transport characteristics. It was found that the formation, propagation, and impinging dynamics
of vortical structures were the significant factors that affected the convective heat transfer rate of
the heated surface in the channel.
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CHAPTER 1
INTRODUCTION
Advancements in science and technology have created more powerful and compact
electronic devices that dissipate a tremendous amount of heat. The safe and reliable operation of
such devices needs efficient thermal management systems. Various thermal management
techniques, such as liquid cooling, air cooling, direct sprays cooling, and multi-phase heat
exchanger system, have been developed for satisfying the thermal management needs of power
electronics. Although liquid cooling provides relatively high heat transfer capacity, a reliability
issue associated with leakage is a big hurdle to overcome. Besides, they require complex
supporting components, such as reservoir, pump, sprays, and nozzles, making them less
attractive for electronics cooling applications. Therefore, air cooling remains one of the most
attractive and efficient methods for the thermal management of electronics due to its simple
configuration and high reliability. Natural convection cooling systems have a relatively low heat
transfer capability. This makes them unsuitable for modern electronics that dissipate a large
amount of heat. Thus, a forced convection cooling system is generally preferred. A rotary fan is
one of the popular methods for creating a forced convection condition. However, the cooling
performance of the rotary fan largely depends on its size and rotation speed, which has been
limiting factors in its applications on complex and compact electronic devices. Thus, novel active
cooling techniques(such as piezoelectric fan, twisting tape, synthetic jets) which can aid or
replace a rotary fan, are of great interest.
1

1.1 Literature Review
A piezoelectric fan (PE fan) has been gaining attraction as an active cooling device. It is a
thin, flexible metal or plastic cantilever plate (or blade) with either mono-morph or bi-morph
patches of a piezoelectric material attached to the side surfaces. When an alternative current
input signal at the resonance frequencies of the PE fan is provided on the piezoelectric patches,
an amplified flapping motion is created at the tip of the blade. This flapping motion can be used
to generate air currents for cooling heated objects or manipulating flow fields. Toda [1] carried
out an experimental and theoretical investigation on airflows generated around vibrated
cantilever beam. Yoo et al. [2] performed an experimental and theoretical analysis to understand
the structural and dynamic characteristics of a PE fan with different configurations. They
demonstrated that the resonant frequency of the PE fan is inversely proportional to the length of
the fan. Acikalin et al. [3] found that the PE fan with a short blade and high operating frequency
has a better cooling performance than a longer blade and low operating frequency. Wait et al. [4]
studied the characteristics of airflows around a PE fan operating at higher resonance modes.
According to the study, the power consumption of the PE fan increased significantly at the higher
modes. Lei et al. [5] investigated the heat transfer performance of a PE fan with different
resonant frequencies. The PE fan operating at the first resonant frequency was found to produce
the best cooling performance among tested. Yoo et al. [2], Abdullah et al. [6], Liu et al. [7], and
Lin et al.[8] concluded that the cooling performance of a PE fan is directly proportional to its
amplitude. Kimber and Garimella [9] compared the impacts of amplitude and frequency on the
cooling performance of a PE fan. The results indicated that the frequency was a more critical
factor compared to the amplitude of the PE fan.
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The cooling effect of a PE fan is known to largely depend on the flow dynamics created
by its flapping motion. Various studies have been performed to understand the flow fields around
PE fans. Many researchers [8–11] observed the formation of counter-rotating vortices near the
vibrating blade of PE fan. Those vortices got fully developed when the PE fan blade reached the
maximum amplitude and were finally detached from the fan tip [12,13]. The subsequent
oscillation of the PE fan pushed the detached vortices downstream, and the cycle repeated. Using
a phase-resolved particle image velocimetry (PIV) measurement, Kim et al. [14] studied the flow
fields around a PE fan and captured a pair of counter-rotating vortices in each vibrating cycle. In
their subsequent study using a phase-locked PIV measurement [15], they also identified vortical
structures, which dominated the pseudo-jet flows around the PE fan. Agrawal et al.[16] used a
two-dimensional phase-locked PIV to analyze the three-dimensional flow fields around PE fans
and identified horse-shoe shaped vortical structures around them. They also obtained similar
vortical structure in their numerical study.
Eastman et al. [17] analyzed two-dimensional flow fields around a PE fan in an enclosure
and calculated the thrust generation. Eastman and Kimber [18] extended their study into the
three-dimensional analysis and proposed the optimized geometry of the enclosure. Extending
forward, Eastman and Kimber [19] measured aerodynamic damping effects caused on the
sidewalls of the enclosure due to the dynamic operation of the PE fan. They found that, for the
PE fan with small gaps from the sidewalls, the aerodynamic damping was about five times larger
than that of the PE fan without the side walls. However, as the gap increased, the damping effects
decreased and eventually became negligible at the gap of 10 mm. Sheu et al. [20] found that the
amplitude of a PE fan had a linear relationship with the applied voltage when the effects of air
damping were neglected. Oh et al. [21,22] conducted a three-dimensional numerical analysis on
3

the flow fields around a PE fan confined between two side walls. The three-dimensional flow
field was mainly dominated by the interactions between the vortices created from the tip and side
surfaces of the PE fan. The tip and side vortices were found to interact with each other creating
much more complex secondary fluid structures. Especially, the propagation of side vortices was
one of the critical factors in characterizing the flow fields with the PE fan.
Ma et al. [23] studied the cooling effect of a PE fan on a fin-type heat sink. They
developed a linear correlation between the thermal and hydrodynamic performances. Huang et
al. [24] performed numerical and experimental studies to find the optimum location of a PE fan
in a vertical fin plate. The results indicated that the PE fan located at the center point of the fin
plate provided the best heat transfer performance. Açikalin et al. [25] performed analytical,
computational, and experimental investigations to understand the flow fields and cooling effects
induced by PE fans. They developed a closed-form analytical streaming solution to conduct the
numerical simulations for the PE fans. In the subsequent study, Açikalin et al. [26] found that the
frequency offset from the desired operating frequency and the amplitude of the PE fans were two
critical parameters affecting their cooling effects. The length of the PE fan and the distance
between the PE fan and heat source were two other significant factors. Lin [8] conducted
experimental and numerical studies to investigate three-dimensional thermal and flow fields
generated by a PE fan. They reported significant heat transfer improvements (60 ~ 240% on the
vertical arrangement and 80 ~ 260% on the horizontal arrangement) over the natural convection
condition due to the operation of the PE fan. Abdullah et al. [27] performed a two-dimensional
numerical study and PIV measurement to investigate the thermal and hydrodynamic
performances of PE fans, which reduced the average temperature of a heat source by 68.9°C in
their best arrangement and operating conditions.
4

No mechanical moving components [28], high energy efficiency [29–31], low noise
level, and adaptability in small spaces [32] have made a PE fan a promising solution for thermal
management of electronics. However, the cooling effects of PE fans are generally very localized,
and this makes it challenging for them to replace rotary fans completely. Therefore, a PE fan can
be considered as a supplemental component further to enhance the thermal performance of fanassisted heat sink systems. Acikalin et al. [33] used a PE fan as an aid device to an axial fan for
cooling a small laptop. The temperatures of the laptop decreased by more than 6°C due to the
pure operation of the PE fan. Florio and Harney [34] investigated the thermal performance of a
PE fan in a locally heated vertical channel under a natural convection condition. The PE fan
improved the local heat transfer of the vertical channel by 52% compared to the base condition.
Lin [35] performed three-dimensional flow visualizations and numerical simulations to study the
cooling performance of a PE fan placed in the wake region of a cylinder in the presence of crossflow. The PE fan improved the local and average heat transfer performance of the cylinder by
214% and 132%, respectively.
Li et al. [36] studied the effects of cross-flow on the cooling performance of the
vertically oriented PE fan. The vortices formed by the PE fan were pushed downwards by the
cross-flow. The averaged heat transfer coefficient of the combined system was increased by
about 56% compared to pure PE fan operation. Li et al. [37] reported that the cross-flow
significantly influenced the amplitude of the PE fan. The amplitude of the PE fan was reduced by
up to 56% under the existence of cross-flow. They also reported that the PE fan was useful for
improving the heat transfer performance only under the cross-flow with low velocities. The
vortical streaming flow, induced by the PE fan, was suppressed and swept away due to the high
momentum of cross-flow when its velocity was high. Jeng and Liu [38] experimentally studied
5

the impact of vertically oriented PE fans on the thermal and hydrodynamic performances of heat
sink under the presence of axial flow. The results showed that the effectiveness of PE fan was
high at low channel Reynolds numbers and slowly decreased as the channel Reynolds number
increased.
Dey and Chakrborty [39] numerically studied the effect of an oscillating fin on disturbing
the fully-developed boundary layers and enhancing the convection heat transfer. They developed
the correlation between the Nusselt number, frequency, and amplitude of the oscillating fin. They
also reported the existance the threshold frequency and amplitude of the PE fan above which the
significant improvement in heat transfer could be achieved. The relative location of the PE fan
had a minimal impact on thermal performance. The flow physics around the PE fan, aligned
along a channel-flow, was studied numerically by Park et al. [40]. It was found that the flow
velocity immediately downstream of the PE fan was increased significantly when the channelflow velocity was low. However, the PE fan and the holding block acted as obstacles, decreasing
the flow velocity downstream of the PE fan under the channel-flow with high velocities.
1.2 Motivation
As reviewed previously, extensive studies have been performed to understand the flow
and thermal fields around PE fans at ambient conditions. Only a few studies have investigated
the fluid dynamic and thermal effects of PE fans under the influences of existing flows.
However, many unknowns are remained to fully uncover the related fluid and thermal
phenomena around PE fans, especially for improving channel-flow convection heat transfer. The
present study attempts explicitly to understand the enhancement of channel convection heat
transfer using the PE fan, horizontally aligned along the direction of the channel flow.
Experimental and numerical methods are used to achieve the objectives of the study.
6

CHAPTER 2
EXPERIMENTAL STUDY
2.1

Experimental Set-up

Figure 1. Schematic diagram of the heat transfer experimental set-up
Figure 1 shows the schematic diagram of the heat transfer experimental set-up of the
current study. The test section included a channel with a square cross-section of 22.3 mm × 22.3
mm. A copper coupon, used as a heated surface, was placed in the middle of a channel on the
bottom surface. Airflow was created by an external vacuum pump. The volume flow rate of the
channel flow was measured downstream of the channel using the Omega FMA-A2323 flow
meter, which has a measurement capability of 0-100 LPM. The pressure drop through the
channel was measured by the digital manometer, UEI EM 201B, which has a resolution of 0.1
Pa. Thermocouples were used to measure the channel inlet, outlet, and heated surface
7

temperatures. The EX-zone ST controller system from Watlow was used for data acquisition and
analysis. The channel had adiabatic extensions at the upstream and downstream of the heated
surface to make the flow nearly fully developed before entering the heated section. The channel
had a specially designed slot in the top surface through which the PE fan assembly was installed.
An alternating current signal from the Tektronix AGF-1062 function generator was amplified
through the VF-500 linear piezoelectric amplifier (Dynamic Structures & Materials, LLC) and
sent to the PE fan.

Figure 2. Detailed schematic of the test section (a) isometric view, (b) front view, (c) side
view
The detailed schematic of the test section is illustrated in Fig. 2. A copper block was used
to carry heat from a cartridge heater to the copper coupon, which has an area of 52 mm × 22 mm
8

and a thickness of 1 mm. The coupon was attached to the copper block using a thermal paste to
reduce the thermal contact resistance. The channel was formed along the copper coupon to locate
the heated surface in the middle of the channel. The remained surfaces of the copper block were
completely insulated with Styrofoam to prevent any unnecessary heat loss. The PE fan was
oriented along the streamwise direction while keeping the oscillation axis perpendicular to the
flow direction and heated surface, as shown in Fig. 2. The tip of the PE fan faced the outlet of the
channel. Therefore, air currents generated by the PE fan impinge in the same direction as the
channel flow. The PE fan was centered in the channel along the vertical direction, leaving a gap
of 4.15 mm from the channel bottom and top surfaces. A specially designed mount block, that
could slide along the outer surfaces of the channel, was fabricated to install the PE fan in the
channel. Therefore, the relative location of the PE fan could be adjusted along the streamwise
direction without disassembling the entire channel system.

Figure 3. Configurations of Piezoelectric (PE) fan assembly. (a) PE fan assembled with
carbon fiber post and copper tape, (b) Piezo bender actuator, (c) side view of PE fan assembly

9

Figure 3 shows the schematic of the PE fan used in the current study. A Lead Zirconate
Titanate (PZT) bender actuator (Fig. 3(b)) was custom-designed. The bimorph-PZT patches
sandwiched a flexible nickel blade in the center, leaving the extensions on both sides. One side
of the nickel extension was used as a blade to generate air currents. The other side of the
extension was used to attach a carbon fiber post (shown in Fig. 3(c)), fixed to the mounting
block. An adhesive copper tape was used to make electrical connections from the PZT patches to
the function generator. The thicknesses of the nickel blade and PZT patch were 0.05 mm and 0.2
mm, respectively. The thickness of the carbon fiber post in its assembled condition was 1.8 mm.
The detailed dimensions of the PE fan are listed in Table 1.
Table 1. Dimensions of a PE fan
Ls (mm)

Lp (mm)

Lb (mm)

Wp (mm)

10

16.5

20

14

The entire channel and the PE fan assembly were sealed with silicon paste to prevent
potential air leakage. The operating frequency of the PE fan was 90.3 Hz, which was the first
resonance frequency. The flapping amplitude of the PE fan was obtained using the Keyence
Displacement Sensor (II-030 sensor head) with a resolution of 1 µm. Li et al. [36] noted that the
damping effects induced by the channel flow with low velocities had a negligible impact on the
amplitude of the PE fan. Hence, in the current study, the amplitudes of the PE fan were
characterized in the ambient condition. The trajectory of the fin tip, ytip, for the PE fan is given as
[36]:
𝑦𝑡𝑖𝑝 = 𝐷𝑝 sin( 2𝜋𝑓𝑡)

(1)

where Dp, f, and t are the mean-to-peak amplitude, frequency, and time, respectively. Then, the
maximum fan tip velocity or the characteristic velocity, Upf, of the PE fan is given as:
10

(2)

𝑈𝑝𝑓 = 2𝜋𝑓𝐷𝑝
In the current study, the operating frequency of the PE fan was kept unchanged.

Therefore, the characteristic velocity of the PE fan was varied by changing the amplitude. Table
2 summarizes the operating voltages and their corresponding mean-to-peak amplitudes and
characteristic velocities of the PE fan. The average velocity of channel flow, Ucf, is obtained by
dividing the volume flow rate (𝑄̇ ) with the channel cross-section area (Ac) as:
𝑄̇

(3)

𝑈𝑐𝑓 = 𝐴

𝑐

Table 2. Operating Conditions of PE fan
Voltage (V)

0

40

60

80

120

170

Mean-to-peak Amplitude (mm)

0

0.65

2.05

3.50

4.75

5.90

Characteristic Velocity (m/s)

0

0.37

1.22

1.99

2.77

3.35

The Reynolds number (Recf) of channel flow is defined as:
𝑅𝑒𝑐𝑓 =

𝑈𝑐𝑓 ∙ 𝑑𝑐𝑓
𝜐𝑎𝑖𝑟

(4)

where 𝑑𝑐𝑓 and 𝜐𝑎𝑖𝑟 are the hydraulic diameter of the channel and kinematic viscosity of air,
respectively.
Table 3. Operating Conditions of Channel Flow and Corresponding Reynolds Numbers
Channel Flow Rate (LPM)

15

30

45

60

75

90

Channel Average Velocity (m/s)

0.5

1.0

1.5

2.0

2.5

3.0

Channel Reynolds Number

603

1205

1808

2410

3013

3616

Table 3 summarizes the volume flow rates of the channel and their corresponding
average velocities and Recf used in the current study. The Reynolds number (Repf) of the PE fan is
defined as:
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𝑅𝑒𝑝𝑓 =

𝑈𝑝𝑓 ∙ 𝑊𝑝 2𝜋𝑓𝐷𝑝 ∙ 𝑊𝑝
=
𝜐𝑎𝑖𝑟
𝜐𝑎𝑖𝑟

(5)

where 𝑊𝑝 is the width of the PE fan.
2.2

Data Reduction
Two thermocouples were used to measure the inlet (Tin) and outlet (Tout) temperatures of

the channel flow. Six thermocouples were embedded in the copper block at the locations 2 mm
underneath the heated surface. The temperatures measured in the copper block are denoted as
TSub,i. From these temperatures, the local surface temperatures of the heated surface, TSurface,i were
extrapolated as:

𝑇𝑆𝑢𝑟𝑓𝑎𝑐𝑒,𝑖 = 𝑇𝑆𝑢𝑏,𝑖 +

𝑞⋅𝑙
𝑘𝑐𝑢 ⋅ 𝐴𝑐𝑢

(6)

where q, l, kcu, and Acu represent the heat input from the heater, the distance between the
thermocouples in the copper block and heated surface, the thermal conductivity of copper, and
the cross-section area of the copper block, respectively. The average temperature of the heated
surface, TSurface, was achieved as:

𝑇𝑆𝑢𝑟𝑓𝑎𝑐𝑒

∑𝑁
𝑖=1 𝑇𝑆𝑢𝑟𝑓𝑎𝑐𝑒,𝑖
=
, 𝑁=6
𝑁

(7)

Using the energy balance between the inlet and outlet of the channel, the heat input to the
channel was calculated as:
𝑞 = 𝑚̇𝐶(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 )

(8)

where 𝑚̇ and C are the mass flow rate of the channel and specific heat of air, respectively. The
average heat transfer coefficient (h) of the heated surface was calculated by the Log Mean
Temperature Different method as:
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ℎ=

𝑞
⋅ 𝛥𝑇𝐿𝑀𝑇𝐷
𝐴𝑐𝑢

(9)

where ΔTLMTD represent the log mean temperature difference which was computed by:
𝛥𝑇𝐿𝑀𝑇𝐷 =

𝛥𝑇2 − 𝛥𝑇1
𝑙𝑛( 𝛥𝑇2 /𝛥𝑇1 )

𝛥𝑇1 = 𝑇𝑆𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝐼𝑛 ,

𝛥𝑇2 = 𝑇𝑆𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑂𝑢𝑡

(10)

where ΔT1 and ΔT2 denote the temperature differences between the heated surface and the inlet
and outlet of the channel, respectively. Therefore, the average Nusselt number of the heated
surface was calculated as:

𝑁𝑢 =

ℎ𝑙𝑐
𝑘𝑎𝑖𝑟

(11)

where kair and lc are the thermal conductivity of air and hydraulic diameter of the heated surface.
2.3

Data Validation and Uncertainty Analysis
In order to validate the experimental methodology utilized in the current study, the heat

transfer of the heated surface, characterized without the operation of PE fan, was compared to
the analytical relation of local Nusselt number for a flat surface with an unheated starting length
and a constant wall temperature, given as [41]:
1

𝑁𝑢𝑥 =

0.332 𝑅𝑒𝑥0.5 𝑃𝑟 3
1
3 3
𝑥0 4

(12)

[1 − ( 𝑥 ) ]

where Nux, Rex, Pr, and x0 are the local Nusselt number, local Reynolds number, Prandtl number,
and starting length of the heated surface, respectively. x represents a streamwise distance from
the leading edge of the heated surface. Equation (12) is valid for Rex < 5 × 105 and 0.6 < Pr < 50.
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Then, the average Nusselt number of the heated surface was obtained by integrating the local
Nusselt number over the entire length of the heated surface.

Figure 4. Comparison between experimental and empirical Nusselt Numbers for the baseline
condition
Fig. 4 shows the comparison between the experimental and analytical average Nusselt
numbers for the baseline condition that was tested without the operation of the PE fan. The
experimental data showed the deviations of approximately 20% from the analytical solution at 15
and 30 LPM, which fell in the laminar flow regime. However, the deviation started decreasing as
the flow entered the turbulent flow regime with the increased flow rate. At the flow rates higher
than 45 LPM, the deviations dropped to below 5 %. The total uncertainty in the experimental
heat transfer results was propagated from the uncertainties that existed in the measurements of
temperature and channel flow rate. The uncertainty analysis was performed to estimate the error
in the heat transfer results of the current study. The error in temperature reading was taken as ±
1%. The measurement error of the flow meter was taken as ± 1%. As a result, the total
uncertainty of the heat transfer coefficient was calculated as ± 8.5 %. The error bars, based on the
total uncertainty, were listed on the experimental data in Fig. 4. The deviations of more than 20
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%, shown in the laminar flow regime, are statistically meaningful considering the total
uncertainty of the heat transfer coefficient. However, the reason for the deviations was not yet
evident in the current study. More investigations needs to be performed to close the deviations in
the future studies.
2.4

Results and Discussions

2.4.1 Heat Transfer Coefficients
The heat transfer experiments were performed by locating the PE fan at three different
relative locations from the heated surface in the channel. The three PE fan locations are denoted
as the upstream, front-end, and center location, defined with the ratio of S/L, as shown in Fig. 2.
S denotes the distance between the PE fan's tip and the trailing edge of the heated surface. L
denotes the length of the heated surface. The values of S/L for the three different locations of PE
fan are summarized in Table 4.
Table 4. Positions of PE Fan in the Channel
PE Fan Location

Upstream

Front-end

Center

S/L

1.5

1

0.5

15

Figure 5. Heat transfer performance of PE fan with different excitation voltages: (a) PE fan
at the upstream, (b) PE fan at the front-end, (c) PE fan at the center.
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% Improvement in Heat Transfer
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100.0
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Figure 6. Percentage improvements in heat transfer coefficient of the heated surface with the
PE fan at its maximum amplitude.
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Figure 7. Heat transfer performance of PE fan with different channel flow rates: (a) PE fan at
the upstream, (b) PE fan at the front-end, (c) PE fan at the center.
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Figure 8. Heat transfer performance of the PE fan placed at different locations in the
channel: (a) 15 LPM, (b) 30 LPM, (c) 45 LPM, (d) 60 LPM, (e) 75 LPM, (f) 90 LPM
Figures 5, 6, and 7 show the enhancements of the heat transfer coefficient achieved by
the PE fan at the different applied voltages and channel flow rates. In Fig. 5, when the PE fan
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was not operated, the baseline heat transfer coefficient of the heated surface increased from 17.5
to 53.0 W/m2K while the channel flow rate was increased from 15 to 90 LPM. After the PE fan
was turned on at the upstream location with its maximum excitation voltage of 170 V, the heat
transfer coefficient of the heated surface increased 71.5% over the baseline condition at 15 LPM.
At the largest flow rate of 90 LPM, the PE fan with the maximum amplitude enhanced the heat
transfer coefficient by 33.2%. When the PE fan with the maximum amplitude moved to the frontend location, the heat transfer enhancements over the baseline condition were 102.2% and 18.7%
for the flow rates of 15 and 90 LPM, respectively. This indicated that the PE fan was more
effective at the front-end location in improving the heat transfer of the surface when the channel
flow rate was low. On the other hand, at the higher channel flow rates, the PE fan was more
effective at the upstream location. This trend continued when the PE fan was moved further
downstream to the center location, generating the heat transfer improvement of only 10% at the
flow rate of 90 LPM. The percentage improvements of the heat transfer coefficient by the PE
fan, operating at its maximum amplitude for the entire range of channel flow rate, are shown in
Fig. 6.
At the lower flow rates of 15 and 30 LPM, the heat transfer coefficient increased with an
increase in the excitation voltage of the PE fan. On the other hand, at the higher flow rates of
above 45 LPM, the heat transfer coefficient did not increase or even decrease until the excitation
voltage exceeded 80 V. When the PE fan was excited with the voltages above 80 V, sudden
increases in the heat transfer coefficient were observed. This stagnation or drop of heat transfer
coefficient found at low excitation voltages and high channel flow rates was a clear pattern,
which could be observed at all three locations of the PE fan. In Fig. 7, it was noticeable that the
heat transfer rate decreased as the channel flow rate increased above 60 LPM, especially when
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the PE fan was excited at the high voltages of 120 and 170 V. This may be hypothesized that
induced complex flow motions from the PE fan and channel flow act against each other creating
a net negative effect of decreasing heat transfer performance at the specific operating conditions.
This phenomenon became even more evident when the PE fan was positioned at the upstream
location.
Figure 8 shows the location effects of the PE fan on its heat transfer performance. While
the heat transfer performance of the PE fan did not show robust linear patterns with respect to its
location, some notable observations could be made. When the channel flow rate and excitation
voltage were in their low ranges (15 ~ 30 LPM and 40 ~ 80 V), the location had a negligible
impact on the heat transfer performance of the PE fan. Once the excitation voltage increased
beyond 80 V on the same range of channel flow rate, the PE fan at the front-end location stood
out in the heat transfer performance. This pattern changed as the channel flow rate further
increased. At the channel flow rate of 45 LPM, the PE fan at the upstream location provided the
superior heat transfer performance, whereas the PE fan at the front-end location showed the
poorest performance. However, at the higher flow rates of 60, 70, and 95 LPM, the PE fan
generally showed better heat transfer performance as it shifted further upstream from the heated
surface. These trends agreed well with the observations made earlier from Fig. 5. The heat
transfer performance patterns related to the PE fan's location may seem to be irregular. However,
in general, the PE fan either at the upstream or front-end location provided a better heat transfer
performance than the one positioned at the center location regardless of the channel flow rates
tested. This is contrary to the general intuition that the PE fan may be superior in enhancing the
heat transfer when it is more closely positioned to the heated surface due to its direct sweeping
effects. Based on the observations made so far, two things can be hypothesized. First, the main
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mechanisms of the heat transfer enhancement by the PE fan in the channel are stemming from
not only the direct sweeps of the flapping blade over the heated surface but also the agitations of
the flow caused by coherent vortical structures [40] created and transported from the PE fan.
Second, the interactions between these coherent vortical structures and the channel flow are
highly non-linear phenomena under the different conditions of PE fan's location and amplitude.
These may be the main causes of the irregular patterns in the heat transfer responses observed in
Figs. 5, 6, and 7. Eventually, high-level flow visualizations will be required to understand the
underlying mechanisms of heat transfer enhancement by the PE fan in the channel.

2.4.2 Effectiveness of PE fan
In order to characterize the relative contribution of the PE fan over the channel flow on
the total heat transfer of the channel flow, the effectiveness (ε) of the PE fan was defined as:

𝜀=

ℎ
ℎ𝑐𝑓

(13)

where ℎ𝑐𝑓 is the heat transfer coefficient measured when only the channel flow is activated.
Again, h is the heat transfer coefficient of the heated surface measured when both the PE fan and
channel flow are activated. Figure 9 shows ε of PE fan with respect to Recf at different excitation
voltages. In general, ε increased as the excitation voltage or the amplitude increased for almost
all the range of Recf. For the PE fan excited at the same voltage, ε decreased as Recf increased.
Regarding the location, the PE fan aligned at three different locations generally showed similar ε
when the excitation voltage was maintained below 80 V for the entire range of the channel flow
rate. On the other hand, as the excitation voltage increased above 80 V, the deviation in the ε
between the three locations started to be recognizable. When the channel flow was in the laminar
regime (Recf < 2,000), the PE fan at the front-end location was more effective in enhancing the
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channel heat transfer than the other two locations. However, when the channel flow was in the
turbulent regime (Recf > 2,000), the PE fan at the upstream location was more effective. Overall,
the channel flow provided more contribution on the total heat transfer enhancement than the PE
fan as ε stayed below 2.0 for nearly all the ranges of parameters tested, with a few exceptions. At
Recf = 603, the PE fan (170 V) at the front-end and center locations made the contributions of
slightly more than 50% on the total channel heat transfer with ε values of 2.02 and 2.01. These
were the two locations where the PE fan provided direct sweeping contacts on the heated surface.
This reflects that the PE fan's direct sweeping is one of the critical factors for improving the heat
transfer of the heated surface in the channel. Moreover, from the observation that the PE fan at
the upstream location provided better cooling performance when the channel velocity was high,
it can be noted that the channel flow must be fast enough to carry the vortical structures created
from the PE fan to the heated surface before they decay.
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Figure 9. The relation between the effectiveness of PE fan and channel flow Reynolds
number: (a) PE fan at the upstream, (b) PE fan at the front-end, (c) PE fan at the center.
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Figure 10. The relation between the effectiveness of PE fan and Strouhal number: (a) PE fan
at the upstream, (b) PE fan at the front-end, (c) PE fan at the center.
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The ratio of the characteristic velocity of the PE fan (Upf) to the channel flow velocity
(Ucf) becomes the Strouhal number (St) [40]:

𝑆𝑡 =

𝑈𝑝𝑓
2𝑓𝐷𝑝
=
𝜋 𝑈𝑐𝑓
𝑈𝑐𝑓

(14)

where f and Dp are the operating frequency and mean-to-peak amplitude of the fan. In the
current study, the St measures the modulation of the channel flow caused by the operation of the
PE fan. To better understand the effects of PE fan on the convection heat transfer of channel
flow, ε of the PE fan was plotted against St for the three different locations under the full range of
the channel flow rate, as shown in Fig. 10. There was one pronounced pattern found from the PE
fan located at all three different locations. As St increased, ε tended to decrease, reaching its
minimum values. It then increased again except for the cases with the channel flow rate of 15
LPM, where the ε continuously increased. In contrast, the St was kept increasing. This trend
stood out under the larger channel flow rates of 60, 75, and 90 LPM. This indicates that the PE
fan hinders the channel flow from enhancing the convective heat transfer of the heated surface
until its amplitude reaches certain values under the specific conditions of flow rates. We can
define St at these threshold amplitudes as the critical Strouhal number (Stcr), which lies around
0.2 for all the PE fan locations and channel flow rates tested in the current study. A similar
finding was shown in the study by Park et al. [40]. The maximum axial velocity (spanwise
velocity of the flow measured at a short distance from the fan tip along the streamwise direction)
initially decreased and reached the minimum value at the threshold of St = 0.13. Then it
increased again when St > 0.13. Their results indicated that the PE fan could add additional
momentum to the channel flow only when the St exceeded 0.13.
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Figure 11. R-squared with respect to various weighting factors: (a) St < 0.2 and (b) St > 0.2.
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Figure 12. The relation between the heat transfer coefficient and total Reynolds number (for
St > 0.2): (a) PE fan at the upstream, (b) PE fan at the front-end, (c) PE fan at the center.
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Figure 13. The relation between the heat transfer coefficient and total Reynolds number (for
St < 0.2): (a) PE fan at the upstream, (b) PE fan at the front-end, (c) PE fan at the center.
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In the current study, the total heat transfer of the channel can be characterized in terms of
the combined effects of PE fan and channel flow by defining the total Reynolds number (Retot) as
[42–44]:

𝑅𝑒𝑡𝑜𝑡 = √𝑅𝑒𝑐𝑓 2 + 𝑛𝑅𝑒𝑝𝑓 2

(15)

where n is the weighting factor that scales the effect of the PE fan against the channel flow. By
substituting the original expressions of Recf and Repf (equations (4) and (5)) to equation (15), the
total Reynolds number becomes:

2

𝑅𝑒𝑡𝑜𝑡

2

𝑈𝑐𝑓 . 𝑑𝑐𝑓
2𝜋𝑓𝐷𝑝 . 𝑊𝑝
= √(
) + 𝑛(
)
𝜐𝑎𝑖𝑟
𝜐𝑎𝑖𝑟

(16)

In order to find the values of n that can provide the accurate correlations between the h
and Retot, the coefficient of determination or r-squared (R2) [45] of the correlations was examined
while iterating different values of the n. Then, the values of n, which generated the maximum R2,
were selected to build the correlations for the PE fan at three different locations. This process
was done separately for the cases of St < 0.2 and St > 0.2 (where Stcr = 0.2) since they showed
the opposite characteristics in the heat transfer responses. Figure 11 shows the calculations of R2
with different values of n. For the cases of St > 0.2, the selected n values are 2.4, 3.4, and 2.0 for
the upstream, front-end, and center locations, respectively. For the cases of St < 0.2, the selected
n values are -1.6, 0, and -0.5 for the upstream, front-end, and center locations, respectively. The
negative n values represent that the PE fan degrades the heat transfer performance of the channel
for the given flow rate conditions. In contrast, n = 0 represents that the PE fan's contribution to
the channel heat transfer is negligible. Figures 12 and 13 show the relationships between the h
and Retot for different experimental conditions and St. The correlations were made with the n
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values identified earlier from the maximum R2 values. Overall, h was found to have linear
relation with Retot regardless of the St ranges. These correlations could be used to estimate the
heat transfer performance of the PE fan in the channel flow for the given operating conditions of
frequency, amplitude, channel flow rate, and PE fan's relative location.
2.4.3 Pressure Drop
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Figure 14. Pressure drop in the channel with the PE fans operating at different voltages.
Fig. 14 presents the pressure drop measured over the entire length of the channel when
the PE fan was aligned at the front-end location. The location of the PE fan had an almost
negligible impact on the pressure drop across the channel. In general, the pressure drop
significantly increased with the channel flow rate. On the other hand, the excitation voltage of
the PE fan did not significantly impact the pressure drop. Overall, the PE fan did not contribute
significantly to the pressure drop across the channel compared to the channel flow. This can be a
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significant benefit when considering using the PE fan as an aid-device to improve the convection
heat transfer of channel flow. However, we have not tested the PE fan with multiple operating
frequencies in the current study. Therefore, the effects of the operating frequency on the pressure
drop are not apparent yet and should be examined in future studies.
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CHAPTER 3
NUMERICAL STUDY
3.1 Simulation Setup
Numerical simulations were performed to uncover the underlying physics of the channel's
heat transfer enhancement with the PE fan. The simulation domain reproduces the air channel of
the experimental test section in which the heated surface and the PE fan are located. The
channel's length is shortened to 140 mm in the simulation, excluding the upstream and
downstream extensions, used to secure a fully-developed and stable channel flow in the
experiment. A fully-developed flow condition with an average velocity of 3 m/s is provided at
the channel's inlet to minimize any discrepancies from the experimental setup due to the
channel's reduced length. The outlet of the channel is treated as the pressure outlet condition to
prevent a reverse flow. At both inlet and outlet of the channel, the turbulent intensity and
viscosity ratio are kept as 5% and 10, respectively. Among the three locations of the PE fan
tested in the experiment, the case where the fan tip is aligned at the front-end of the heated
surface is selected for further investigations in the simulation. The inlet air temperature is given
as 297.15 K. The constant heat-flux condition of 4,370.6 W/m2 is given to the heated surface as a
thermal boundary condition. For simplified replication of the motion of the PE fan in the heat
transfer channel, the user-defined function (UDF), embedded in the commercial CFD package of
ANSYS Fluent, was used to realize the flapping motion of the PE fan over the heated surface in
the channel. The flapping motion of the PE fan is defined with the sine wave, suggested by Ma et
al. [23]:
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𝑦(𝛾, 𝑡) =

𝐷
𝛾 2
∗ ( ) ∗ sin(2𝜋𝑓𝑡)
2
LPE

(17)

where y is the displacement at an arbitrary location, γ, along the PE fan from its rotational axis.
D is the amplitude of PE fan, LPE represents the effective lengths of the PE fan that adds Lb and
Lp. f is the operating frequency of the PE fan.

Figure 15. Domains and boundary conditions of the channel in the numerical study
The operating frequency of the PE fan used in the numerical study is 90.3 Hz. A single
cycle of the PE fan operation was divided into 400 equal time steps. A small number of time
steps per cycle leads to a large discretization error, while a large number of time steps per cycle
increases computational cost. In the current study, 400 time steps per cycle (corresponding to a
time step size of 2.76855 × 10-5 s) was selected as a compromise between the discretization error
and computational cost. A simulation was run for a total of 10,000 time steps (25 oscillation
cycles) until the solution reached the quasi-steady-state. All the physical walls, including the PE
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fan surfaces in the channel, are treated as a no-slip boundary condition. The detailed illustrations
of the simulation domains and corresponding boundary conditions are provided in Fig. 15.
The pressure-based, transient solver is used in ANSYS Fluent to solve the three
governing equations of the compressible continuity, Navier-Stokes, and energy equations, shown
below:
𝜕𝜌
+ ∇ ∙ (𝜌𝑣⃑) = 0
𝜕𝑡

(18)

𝜕
(𝜌𝑣⃑) + ∇ ∙ (𝜌𝑣⃑𝑣⃑) = −∇𝑝 + ∇ ∙ (𝜏̅)
𝜕𝑡

(19)

𝜕
(𝜌𝐸) + ∇ ∙ (𝑣⃑(𝜌𝐸 + 𝑝)) = ∇ ∙ (𝑘𝑒𝑓𝑓 ∇𝑇 + (𝜏̅𝑒𝑓𝑓 ∙ 𝑣⃑))
𝜕𝑡

(20)

where ρ, t, 𝑣⃑, p, T, 𝜏̅, and k denote the density, time, velocity vector, pressure, temperature, stress
tensor, and thermal conductivity, respectively. The subscript eff represents the effective quantities
of associated turbulent properties. Herein, E represents the energy term, which includes the
enthalpy (h) and static and dynamic pressures as below:
𝐸=ℎ−

𝑃 𝑣2
+
𝜌 2

(21)

The shear-stress transport (SST) k-ω [36,46] and the standard k-ε model [12] have been
widely known for providing high-fidelity results on resolving complex flow patterns around the
blade tips of PE fans. The transition SST model [47–49] is effective in investigating the flow
fields that have both the laminar and turbulent flow regimes existing together. More recent
studies [21,22,40] have proved that the renormalization group (RNG) k-ε model can effectively
characterize the generation and transport natures of vortex structures created by PE fans,
subjected to a channel flow condition. In the current study, understanding their transport
characteristics and impinging dynamics onto the heated surface is essential to reveal the
fundamental mechanism of convection heat transfer enhancement of the channel flow. Therefore,
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the RNG k-ε model, expressed in the Eqs. (22) and (23), is used for capturing the turbulent
viscosity generated by the PE fan in the current study.
𝜕
(𝜌𝑘) + ∇ ∙ (𝜌𝑘𝑣⃑) = ∇. (𝛼𝑘 𝜇𝑒𝑓𝑓 ∇𝑘) + 𝐺𝑘 − 𝜌𝜀
𝜕𝑡

(22)

𝜕
𝜀
𝜀2
(𝜌𝜀) + ∇ ∙ (𝜌𝜀𝑣⃑) = ∇. (𝛼𝜀 𝜇𝑒𝑓𝑓 ∇𝜀) + 𝐶1𝜀 𝐺𝑘 − 𝐶2𝜀 𝜌 − 𝑅𝜀
𝜕𝑡
𝑘
𝑘

(23)

More details regarding the parameters included in Eqs. (22) and (23) can be found in the
literature [50,51]. Multiple virtual planes in all x, y, and z directions of the fluid domain are
created to observe the spatial distributions of various thermal and fluid properties, as shown in
Fig. 16.

Figure 16. Virtual planes for observing numerical simulation results
3.2 Validation and Mesh Independence Study
Fig. 17 shows the mesh of the simulation domains used in the current study. The section
views of the meshed domains on the planes of x = 0 and z = 0 are shown in Fig. 17(b) and 17(c),
respectively. The meshing was done using the linear unstructured tetrahedron elements. The
element cells near the fan tip experience significant deformations as the PE fan follows the
vibrating motion with a large displacement. So the element structures around the fan tip were
refined correctly to prevent any numerical divergence. Similarly, the areas of significant
importance, such as the areas around the heated surface, were refined to improve computational
accuracy. As mentioned earlier, the motion of the PE fan was realized using the UDF function
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with eqs. (17). The UDF used to realize the motion of the PE fan is given in the Appendix 1.The
dynamic meshing technique was used to realize the motion of the PE fan. Among the three
methods available in Ansys Fluent (layering, smoothing, and remeshing), the spring-based
smoothing and remeshing methods were implemented. In the spring-based smoothing method,
the edges of each element are treated as interconnecting springs. When the edges experience
deformations, the force on each elemental node varies proportionally to the displacement of the
spring. If the smoothing method is only used, the elements near the fan tip get highly skewed due
to the motion of the PE fan. These highly skewed elements can result in floating-point errors.
Therefore, the remeshing method was also applied for the dynamic meshing at every time step to
reduce floating-point errors.

(c)

(a)

(b)

Figure 17. Mesh of the simulation domain (a) iso-metric view, (b) section view at the plane x
= 0 mm, (c) section view at the plane z = 0 mm
The inlet and outlet temperatures of the computational study were obtained by conducting
the mass-averaging on the static temperatures at the inlet and outlet of the channel, respectively.
The average temperature of the heated surface was obtained by area-averaging the static
temperatures of the heated surface. Then, the heat transfer coefficient at the specific time step
was calculated using the LMTD method. The average heat transfer coefficient of the heated
surface was obtained by time-averaging the heat transfer coefficient of all the time steps for a
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single cycle of the PE fan after the simulation reached a quasi-steady-state. A mesh independence
study was conducted to ensure the validity of the numerical methodology. For the study, the case
with the channel velocity of 3 m/s and D/W of 0.5 was used. Three simulation cases with
different numbers of total elements were created, and they were named Mesh-1, Mesh-2, and
Mesh-3. The numbers of total elements of Mesh-1, 2, and 3 were 395,575, 505,509, and 602,068,
respectively. The corresponding average heat transfer coefficients are summarized in Table 5. As
a result, the average heat transfer coefficient of the heated surface started converging as the
number of total elements reached around 500,000. Therefore, the total element number was kept
around 500,000 for the simulation cases conducted in the numerical study.
Table 5. The results of mesh independence study
Mesh-1

Mesh-2

Mesh-3

Number of Total Elements

395,575

505,509

602,068

Average Heat Transfer Coefficient (W/m2K)

55.4

64.2

64.6

The average heat transfer coefficients obtained from the numerical study were also
compared against the experimental results to further validate the computational methodology. As
a result, experimental and computational results showed good agreement on the average heat
transfer coefficients of the heated surface at various channel velocities and PE fan's
displacements. Fig. 18(a) compares the heat transfer coefficients at different channel flow
velocities while keeping the PE fan's displacement as 11.8 mm (D/W = 0.53). Although the
results at the low channel velocities of 0.5 and 1.0 m/s showed the differences of around 15 ~
20% between the experiment and computation, the deviations started reducing significantly as
the channel velocity increased above 1 m/s. Secondly, Fig. 18(b) compares the experimental and
computational results obtained for different PE fan displacements at the fixed channel velocity of
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3 m/s. As a result, the experiment and computation showed good agreement with the differences
of less than 10% for all the conditions considered.
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Figure 18. Validation of the numerical simulation
3.3 Results and Discussions
In order to obtain the fundamental understanding of the convection heat transfer
enhancement by the PE fan in the channel flow, the current study focused on observing the
formation and transport characteristics of vortex structures generated from the PE fan and their
impinging dynamics onto the heated surface. In Fig. 19, the Q-criterion analysis, which
configures a connected fluid region where the vorticity magnitude is greater than the strain-rate
[52,53], was used to identify the vortex structures generated at different phases (ϕ) of the PE fan
operation. The data was collected over the half-cycle of the PE fan operation after each cycle of
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flow and heat transfer processes were assumed to reach the steady-state condition. At the phase
of ϕ = 0, the fan tip is positioned in the center of the channel moving towards the positive xdirection. It is seen that streamwise (positive z-direction) and wall-normal-wise (positive ydirection) vortices are generated from the three edges of the PE fan while they are sweeping the
flow field across the channel flow. Then, the generated vortices are left behind the fan and
carried downstream by the channel flow. When the vortices leave the edges of the fan, they get
connected, forming a large closed-loop vortical structure (VS) that maintains its dynamic
characteristics until it completely passes over the heated surface. While the vortical structures
(VSs) transport downstream, they do not travel along the centerline; instead, they tilt to the two
side walls of the channel following the directions of the fan at the moments when the VSs leave
the fan edges. For example, if the VS is generated when the fan tip moves to the positive xdirection, it inclines to the positive x-direction while traveling downstream. Therefore, we can
see that the VSs are aligned as a footstep formation along the channel. At the instantaneous time
of ϕ = 0, VS-1 is generated from the fan tip, and VS-2, 3, and 4 are being transported
downstream.
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Figure 19. Visualizations of vortex formations with Q-criterion technique at different phases
of the PE fan in the channel.

Figure 20. Velocity contours of different x-planes at the zero-phase operation
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Figure 21. Velocity contours of different y-planes at the zero-phase operation

Figs. 20 and 21 show the velocity contours in the channel at different x and y planes at
the phase of ϕ = 0. The velocity contours clearly show that the zones made by the closed-loops of
the VSs contain high momentum energy provided by the flapping motion of the PE fan. The
areas within the VSs exhibit very high velocities compared to the average channel velocity, and
they are collectively carried downstream while still being confined within the loops of the VSs.
Therefore, it is evident that the PE fan plays the roles of 1) providing additional momentum
energy to the channel for increasing the average channel velocity and 2) generating concentrated
high momentum zones enclosed by the vortex rings that can intermittently impinge on the heated
surface. These two major phenomena are assumed to be the direct effects caused by the PE fan
for enhancing the convection heat transfer of the channel. However, as the flow moves
downstream, the strength of the VSs is diminished, and the channel starts recovering the
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upstream un-agitated conditions again. This phenomenon is also shown in Fig. 19 with the
weakened VSs downstream of the channel. Hence, these observations indicate that the relative
location of the PE fan compared to the heated surface must be one of the essential factors in the
design of the heat transfer channel with the PE fan. Fig. 22 shows the variations of the average
channel velocities at different phases of the PE fan along the channel. The velocities are nondimensionalized by the channel inlet average velocity, Uin. The average channel velocity
increases about 12% compared to the average inlet velocity immediately downstream of the fan
and gradually decreases as the flow further moves downstream. At the end of the heated surface,
the channel velocity almost recovers the inlet condition.
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Figure 22. Non-dimensionalized channel average velocity at different distances from the fan
tip along the streamwise direction
Based on the observations made from Figs. 19 ~ 22, the PE fan significantly alters the
fluid dynamic characteristics of the channel flow generating the high-momentum zones within
the VSs, and they are assumed to be highly related to the enhancement of the channel convection
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heat transfer. Therefore, revealing a physical link between the dynamics of the VSs and the
thermal responses of the heated surface is a necessary next step that must be performed to obtain
the fundamental understanding. In Fig. 23, the attempt has been made to overlap the VSs along
with the local temperature responses of the heated surface. The VS is dissected into the subcomponents of head, legs, and tail vortices for detailed explanations. The head is a u-shaped
vortex at the front of the VS. The legs are two vortices horizontally aligned along the streamwise
direction (z-direction) connecting the head and tail vortices. The tail is a single wall-normalwise
(y-direction) vortex positioned at the trailing edge of the VS.

Figure 23. Visualizations of vortex structures over the heated surface with the PE fan at ϕ =
0.
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In Fig. 23 (b), there are several locations where the VSs are in direct contact with the
heated surface. At these locations, the VSs are sweeping the heated surface with direct contacts.
The low-temperature zones of the heated surface are nicely aligned with these direct sweeping
locations. The heated surface in the vicinity of the fan tip shows the lowest temperatures due to
the direct flow impingements created by the PE fan. In Fig. 24, the footprints of the VSs are
projected onto the heated surface to show the instantaneous responses of the temperature field at
the different phases of the PE fan operation. At all the phases observed, the low-temperature
zones are nicely aligned with the trailing edges of the VSs propagating downstream as the phase
evolves. The sweeping traces of the low-temperature zones are well presented in Fig. 24 (b). One
notable thing is that there is a localized hot spot formed along the center area of the heated
surface at which the effects of the VSs are not reached. This hot spot's temperature reaches
around 370 K, whereas the lowest temperature areas of the heated surface are still maintained at
around 297 K.
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Figure 24. Observation of local temperature responses of the heated surface and the
propagation of VSs at different phases of PE fan.

46

Figure 25. Observation on the propagation of vortex structures and surface shear stress at
different phases of PE fan.
Finally, Fig. 25 shows the distribution of shear stress of the heated surface to observe the
dynamic relations between the convection heat transfer and surface shear stress. As expected,
based on Chilton and Colburn's J-factor analogy [54,55], the areas with high shear-stresses are
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well aligned with the areas with low temperatures over the heated surface within the footprints of
the VSs in general. However, there is a slight offset that existed between the two areas within the
footprints. Overall, the areas with high shear-stresses are formed ahead of the areas with low
temperatures in the streamwise direction. From the comparison between Fig 24. (b) and Fig. 25
(b), it can be seen that the low-temperature zones created by VS-4 still reside within the heated
surface until the phase of ϕ = 1.0 π, whereas the corresponding high shear-stress zones complete
its travel over the heated surface by the phase of ϕ = 0.5 π. As the surface shear stress is being
one of the primary sources of the channel pressure drop, further investigations about the
relationship between the dynamic responses of low temperature and high shear-stress of the
heated surface may provide hints for achieving maximized heat transfer performance with
minimized pressure drop penalty of the heat transfer channel system with the PE fan.
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CHAPTER 4
CONCLUSIONS
This research work investigated the convection heat transfer performance of a PE fan
placed in the air channel flow with a heated surface using experimental and numerical methods.
In the experiment, the PE fan was placed horizontally along the streamwise direction of the
channel, with the fan tip facing downwards. The rotational axis of the PE fan was vertically
aligned with the heated surface. The impact of the PE fan on the convection heat transfer of the
heated surface was studied by varying the displacement and relative location of the PE fan at
various channel flow velocities. The operating frequency of the PE fan was fixed at 90.3 Hz.
ANSYS Fluent was used to perform the numerical study for understanding the fundamental
phenomena occurring on the fluid and thermal fields around the PE fan. The numerical study was
explicitly focused on the case with the channel velocity of 3m/s and the maximum displacement
of 11.8 mm. The key findings of the current study are highlighted below:
1. At Recf = 603, the lowest channel Reynolds number tested (equivalent channel flow rate of 15
LPM), the PE fan with its maximum peak-to-peak displacement of 11.8 mm enhanced the
convection heat transfer rate of the heated surface by 102.2 % to the non-agitated channel
condition. The tip of the PE fan was aligned to the leading edge of the heated surface (the
front-end location).
2. When the channel Reynolds number was increased to its maximum value of 3,616 (equivalent
channel flow rate of 90 LPM), the PE fan achieved the heat transfer enhancement of 33.2 %
over the non-agitated channel at the same Reynolds number.
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3. When the channel flow rate and excitation voltage were at their low levels, the location had a
negligible impact on the heat transfer performance of the PE fan. In general, the PE fan either
at the upstream or front-end location provided a better heat transfer performance than the one
positioned at the center location regardless of the channel flow rates tested.
4. The effectiveness and Strouhal number analyses showed that there were critical operational
conditions (Stcr = 0.2) below which the PE fan had a negative effect on the convection heat
transfer enhancement of the channel.
5. The correlations between the heat transfer coefficient and total Reynolds number were
generated that could be used to estimate the heat transfer performance of the PE fan in the
channel for the given operational conditions.
6. Despite the superior cooling performances of the PE fan observed, its contributions to the
channel pressure drop were negligible compared to those resulted by increasing the channel
velocity.
7. As a result of the Q-criterion analysis, it was found that coherent vortical structures were
created in the channel due to the operation of the PE fan. Based on the detailed observations
of the generation and transport characteristics of the vortical structures, it was found that the
direct impingement or sweeping of the vortical structures over the heated surface was mostly
responsible for the heat transfer enhancement of the channel.
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Appendix 1
UDF to realize the motion of Piezoelectric Fan
#include"udf.h"
#include "math.h"
#define pi 3.141592645
DEFINE_GRID_MOTION (motion, domain, dt, time, dtime)
{
Thread *tf = DT_THREAD(dt);
face_t f;
Node *v;
real NV_VEC(axis);
real displ;
int n;
real NV_VEC (origin);
real NV_VEC (omega);
real amp;

/* define amplitude of the PE fan as real number */

real freq;

/* define frequency of the PE fan as real number */

real omegas;

/* define omega =2*pi*f */

real length;

/* length of fan in mm */

amp = 5.55;

/* unit mm, mean to peak amplitude */

freq = 90.3;

/* hz */

omegas = 2 * 3.141592 * freq;
length = 36.5; /* mm */
displ= amp*1000/length/length * omegas * cos(omegas*time);
/* grid displacement*/
NV_D(axis, =, 1.0, 0.0, 0.0);
/*define the axis of rotation */
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NV_D (origin, =, 0.0, 0.0, 0.0);

/*define origin */

begin_f_loop(f,tf)
{
f_node_loop(f,tf,n)
{
v = F_NODE(f,tf,n); /* update node if the current node has not been previously visited when
looping through previous faces */
if ( NODE_POS_NEED_UPDATE (v))
that it's not updated more than once */

/* indicate that node position has been update so

{
NODE_POS_UPDATED(v);
NV_V_VS(NODE_COORD(v), =, NODE_COORD(v), +, axis,*,displ*NODE_Z(v)*
NODE_Z(v)*dtime);
/* update the position of node with new position according to
displacement of PE fan */
}
}
}
end_f_loop(f,tf);
}
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